Introduction
Protein is one of the most significant parts of organisms, which is involved in virtually all cell functions [1] [2] [3] . Some proteins are involved in structural support, while others are involved in bodily movement, or in defense against germs. Upon the completion of the human genome-sequencing project, there has been a dramatic change in the focus of studies from genomics to proteomics [4, 5] . Proteomics includes not only the identification and quantification of proteins, but also the determination of their localization, modifications, interactions, activities, and functions [4] . Apparently, the development of proteomics primarily depends on the advances of protein analysis technologies. However, conventional methods for protein analysis, which usually include gel electrophoresis, enzyme-linked immunosorbent assay (ELISA), Western blot and immunochemistry, are often laborious, time-consuming, and are, in general, not applicable to real-time monitoring of proteins [4, [6] [7] [8] [9] [10] [11] [12] [13] . It is very urgent to explore rapid, simple, highly efficient, realtime and in-situ protein analysis methods for proteomics studies.
The rapid development of molecular biology and nanotechnology paves a new way for analysts to perform protein analysis. A series of novel principles, methods and techniques based on molecular beacon probes and biofunctionalized nanoparticles have been developed for bioanalysis and biomedical research [14] [15] [16] [17] [18] [19] [20] , by which the biological and chemical information of many significant life processes at the level of single cells, subcells, and even single molecules, could be acquired and monitored. The introduction of molecular beacon probes and biofunctionalized nanoparticles into protein analysis would necessarily advance the proteomics research. In this review, we will mainly discuss the molecular beacon probes and nanoparticles-based tech-nologies and their applications in protein analysis.
Protein analysis based on molecular beacon probes
Fluorescent probes for biomolecular analysis have been used for mechanism studies of biological functions and in ultrasensitive detection of biological species responsible for many diseases. In the post-genome era, the qualitative and quantitative studies of biomolecules for disease diagnosis and prevention and drug discovery would be the rapid growing areas of research and development. This has led to a continued demand for advanced biomolecular recognition probes with high sensitivity and specificity. The molecular beacon (MB) probe, which was first described in 1996 by Tyagi and Kramer [21] , is an excellent example of biomolecular analysis probes and appears to be a very promising probe for genomic and proteomic studies. The thermodynamic stability of the hairpin structure, the highly efficient intrinsic signal switching, and the possibility of using a variety of fluorophores make MBs exceptional biomolecular analysis probes with excellent sensitivity, selectivity and real-time detection capability. MBs are therefore used for a variety of applications, such as DNA and RNA detection [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] , monitoring of living systems [31] [32] [33] [34] [35] [36] , investigation of enzymatic processes [37] [38] [39] [40] [41] [42] [43] [44] [45] , design of biosensors [46] [47] [48] [49] [50] , study of protein/DNA interactions [51] [52] [53] [54] [55] [56] [57] , and the fabrication of biochips [58, 59] . Here, the scope of this review is limited to the fundamental aspects of MB's principles, advantages and the recent applications of MBs in protein recognition and protein/DNA interaction studies.
Principles and advantages of MB probes
The hybridization of a nucleic acid strand to its complement target is one of the most specific molecular recognition events. MBs are a class of DNA probes which are singlestranded oligonucleotides that possess a stem-and-loop structure ( Figure 1 ) [16] , and their signal transduction mechanism for molecular recognition is based on fluorescence energy transfer. The loop portion of the MBs could report the presence of a specific complementary nucleic acid. The stem has five to seven base pairs which are complementary and contain a fluorophore and quencher linked to the two ends of the stem. The fluorescent dye serves as an energy donor, and the non-fluorescent quencher plays the role of an acceptor. The stem keeps these two moieties in close proximity to each other, causing the fluorescence of the fluorophore to be quenched by energy transfer. When the probe encounters a target molecule, the loop forms a hybrid that is longer and more stable than the stem, and the MB undergoes a spontaneous conformational reorganization that forces the stem apart, leading to the restoration of fluo- Figure 1 The working mechanism of a molecular beacon [16] . The MB adopts a stem-loop structure and thus holds the fluorophore (orange) and quencher (blue) in close proximity. As a result, the fluorescence emission of the fluorophore is strongly suppressed (in the absence of a target). The target sequence hybridizes with the loop domain of the MB and forces the stem helix to open, whereupon fluorescence is restored because of the spatial separation of the fluorophore from the quencher.
rescence. Unhybridized MBs do not fluoresce, thus it is not necessary to remove them to observe hybridized probes. Different MBs could be designed by selecting loop sequences and sizes [21] . The quencher and the fluorophores could be changed according to the application [23] .
The inherent fluorescent signal transduction mechanism enables an MB to function as a sensitive probe with a high signal-to-background ratio for real-time monitoring. Its fluorescence intensity increases more than 200 folds when it meets the target under optimal conditions [21] . Therefore, MBs have a significant advantage over other fluorescent probes in ultrasensitive analysis. With this inherent sensitivity, individual MB DNA molecules have been imaged, and the hybridization process for a single molecule has been monitored [60] . MBs could be used in situations where it is not possible or desirable to isolate the probe-target hybrids from an excess of the unhybridized probes, such as in the real-time monitoring of polymerase chain reactions (PCRs) in sealed tubes or in the detection of mRNAs within living cells. This feature enables the synthesis of nucleic acids to be monitored as it is occurring, in sealed tubes or in living specimens, and without additional manipulation. Another major advantage of MBs is their molecular recognition specificity. They are extraordinarily target-specific, ignoring nucleic acid target sequences that differ by as little as a single nucleotide. This specificity of an MB comes from its loop-and-stem structure. The stem hybrid acts as a counterweight for the loop hybrid. Experiments have shown that the range of temperatures within which perfectly complementary DNA targets form hybrids but mismatched DNA targets do not is significantly wider for MBs than for the corresponding range of conventional linear probes [61] . Therefore, MBs could readily discriminate DNA targets that differ from one another by a single nucleotide.
Protein recognition and protein/DNA interaction study using MB probes
In the post-genome era, the quantitative analysis and real-time monitoring of proteins are of significance. The application of MB probes for real-time protein detection demonstrates advantages in the understanding of many significant biological processes involving two key biomolecules: nucleic acid and protein.
Nonspecific protein detection
As the sensitive probes for monitoring interactions of proteins and enzymes with DNA, the protein-recognition ability of MBs was first demonstrated with a single-stranded DNA-binding protein (SSB) from E. coli [62] . The fluorescence enhancement caused by SSB and by complementary DNA was very comparable. Using MB-SSB binding, it was possible to detect SSB at a concentration as low as 2 × 10 10 mol/L by using a conventional spectrometer with a mercury lamp. Similarly, interactions between lactate dehydrogenase (LDH) and ssDNA have also been studied by using MBs [14] . Variant LDH isoenzymes were found to have different binding affinities for ssDNA, for example, a binding stoichiometry of 1:1 and a binding constant of 1.9 × 10 7 M
1
were measured for the complex LDH-5/MB. Interactions between enzymes and DNA, for example, the digestion of ssDNA by three different nucleases (S1 nuclease, DNase I, and mung bean nuclease) [37] can also be detected with MBs. The cleavage of the loop sequence destabilizes the stem duplex and restores fluorescence.
Protein detection with specificity
The nonspecific DNA binding protein studies open up the possibility for the further development of readily obtainable modified DNA molecules for real-time detection of specific proteins. Aptamers, which are a new type of designer molecules and could be used in protein recognition as antibodies [63, 64] , are usually DNA or RNA molecules that have been selected from random pools based on their ability to bind to such ligands as small organic or inorganic compounds, peptides, proteins, and even the entire organisms. As antibodies, aptamers have high affinity and specificity for their targets, and thus have many potential uses with advantages over antibodies, such as facile synthesis, easier labeling, good reproducibility, easier storage, faster tissue penetration, and shorter blood residence. However, an aptamer itself cannot be used as a fluorescent probe since it lacks signal transduction capability to report the binding. The combination of MBs' sensitive signal transduction mechanism and aptamers' specific protein-binding capability results in a novel class of analytical probes termed molecular beacon aptamers (MBAs) [65] , which have a great potential in the real-time analysis of proteins. The MBAs developed to date could be described by three general classifications: FRET fluorophore/quencher pairs, FRET donor/acceptor pairs, and single labeled anisotropy probes. An example of a FRET-based quenching MBA is the one developed using the known and well-studied thrombin aptamer [65] . When bound to thrombin, the aptamer exists primarily in its quadruplex form containing two Gquartet structures, but in free solution, it could adopt either conformation, partially depending on the ionic strength and temperature. This conformation shift provides the basis for the MBA. By labeling the two ends of the aptamer with a fluorophore and quencher pair, aptamer binding of thrombin forces the quencher adjacent to the fluorophore, resulting in a substantial decrease in fluorescence.
Similarly, a donor and acceptor fluorophore could be positioned on either end to create a two fluorophore FRET probe [47] . Angiogenin (Ang), one of the most potent angiogenic factors, is related with the growth and metastasis of numerous tumors [66, 67] . Serum concentration of Ang is commonly detected with antibody-based enzyme-linked immunosorbant assay (ELISA). Here, a sensitive method for rapid Ang detection by using a dual-labeled FRET aptamer-based probe was discussed ( Figure 2 ). As the donor and the acceptor, 6-carboxyfluorescein (FAM) and 6-carboxytetramethylrhodamine (TMR) were labeled at 5′-and 3′-termini of the aptamer probe, respectively. The dual-labeled probe showed apparent fluorescence changes due to the specific binding between aptamer and Ang. By monitoring the ratio of the fluorescence intensity of the donor and acceptor, quantitative Ang detection could be achieved. This assay is highly specific and sensitive, with a detection limit of 2.0 × 10 10 mol/L and a linear range of 5.0 × 10 10 to 4.0 × 10 8 mol/L Ang. The detection limit meets the requirement of clinical tests for Ang, and Ang in serum samples of health and lung cancer were also detected. The third class of molecular aptamer probes is based on monitoring the change in fluorescence anisotropy upon protein binding [68, 69] . This signal transduction strategy, which takes advantage of the sensitive anisotropy signal change of fluorophore-labeled aptamer upon protein/ aptamer binding, has been introduced for quick Ang recognition and real-time quantitative analysis in homogeneous solutions [48] . When the labeled aptamer is bound with its target, the increased molecular weight causes the rotational motion of the fluorophore attached to the complex to become much slower. Therefore, the increasing of the amount of Ang results in a raised anisotropy value of the Ang/ aptamer. By monitoring the anisotropy change, we are able to detect the binding events between the aptamer and Ang, and measure Ang concentration quantitatively in homogeneous solutions. This assay is highly selective, with a detection limit of 1 nM of Ang. The dissociation constant of the Ang/aptamer binding is determined in the nanomolar range and changes with increasing salt concentration. This assay could also be used to compare the binding affinities of different ligands for the target molecules.
Apart from MBAs, other aptamer-related protein analysis methods have been exploited [49, 50] . We have developed a simple, sensitive and specific proximity-dependent protein assay method with dual DNA aptamers [49] . As shown in Figure 3 , thrombin is used as the model protein, and two aptamer probes with complementary sequence at 3′-end are designed for the two distinct epitopes of the protein. Association of the two aptamers with thrombin results in stable hybrids due to the proximity of 3′-end, and polymerase reaction is subsequently induced. The amount of obtained dsDNA is then indicated using the fluorescence dye Sybr Green I. The results show that the initial velocity of polymerase reaction has a positive correlation with the concentration of thrombin. The advantages of this dual-aptamerbased approach include simple and flexible design of aptamer probes, high selectivity and sensitivity. The detection limit is 6.9 pmol/L. Another example is a novel fluorescence-based method for protein detection, which is developed by using the aptamer probe as the recognized molecule and cationic conjugated polymers (CCP) as the reporter [50] . The quencher-labeled aptamer probe attaches to CCP by electrostatic interaction, leading to fluorescence quenching of CCP. When the target protein is added, it binds specifically to the aptamer probe, making the quencher detached from CCP and then the fluorescence of CCP is resumed. The results show that the fluorescence resuming ratio is proportional to the concentration of target protein, and the detection method for thrombin had a linear range of 1.7-40 nmol/L.
The selective recognition ability of aptamer probes for proteins has also been utilized to monitor the interaction of proteins and living cells in real time. In the post-genomic era, one of the most significant challenges bioscience faces is the ability to gain a detailed understanding of the function and interplay of proteins throughout human growth and development. The cellular behavior has been a critical focus for the development of imaging technologies [70, 71] , involving the real-time observation of protein internalization and tracking the proteins inside living cells to determine subcellular localization. Angiogenin is a potent angiogenic factor that is significant in tumor angiogenesis. For angiogenin imaging, the conventional antibody-based immunofluorescence microscopy is accomplished with stopping cell culture, fixing with organic solvent and further immunofluorescence staining [72, 73] . The direct real-time imaging in living cells cannot be obtained. By using fluorophore-labeled aptamer and confocal laser scanning microscopy, we have developed a novel and simple method to visualize the real-time process of angiogenin internalization [36] . The results revealed that, when aptamer-angiogenin conjugates were added into cell cultures, conjugates could be selectively bound to HUVE cells (human umbilical vein endothelial cells) and MCF-7 cells (human breast cancer cells). Nuclear staining and z-axis scanning studies demonstrated that the aptamer-angiogenin conjugates were internalized to intracellular organelles, and dynamic confocal imaging studies indicated that the conjugates were rapidly internalized ( Figure 4 ). The spatiotemporal process of angiogenin internalization was for the first time directly visualized with confocal laser scanning microscopy upon binding with a fluorophore-labeled aptamer. These results demonstrate the potential of (1) a fluorophore-labeled aptamer used as a recognition and labeling probe for real-time protein internalization and (2) an aptamer-ligand conjugate used for targeted cellular delivery in the implementation of novel diagnostic and therapeutic strategies.
Protein/DNA interaction studies
The replication, repair and recombination of nucleic acids are essential life processes, in which such biomolecules as enzymes, proteins and ribozymes participate. Along with increasing understanding of the characteristics and functions of MBs, MB-based assays have been designed to study more-specific and more-sophisticated processes involving DNA and proteins, such as DNA ligation and phosphorylation [38, 39, [55] [56] [57] , DNA polymerization and dephosphorylation [40] [41] [42] , and DNA methylation [43] . All of these developments would facilitate the obtaining of de- signed DNA molecules for genomics and proteomics studies, molecular diagnosis of diseases and new drug development.
(1) Real-time monitoring of DNA ligation and phosphorylation DNA ligase is indispensable in catalyzing the formation of phosphodiester bonds at single strand breaks between adjacent 3′-hydroxyl and 5′-phosphate ends in double strand DNA [74] . Nucleic acid ligation is a significant tool for editing DNA both in vivo and in vitro, and such nucleic acid assay methods as Ligase Chain Reaction (LCR) and Amplified Fragment Length Polymorphism (AFLP) have been developed on the basis of it [75, 76] . The ligation process is conventionally assayed by radial 32 P labeling, denaturing gel electrophoresis and autoradiography [74] [75] [76] . These methods are time-consuming, discontinuous and not sensitive, making real-time monitoring of nucleic acid ligation impossible. For the monitoring of DNA ligation, MBs are designed to bridge two ssDNA sequences to form a nick structure ( Figure 5(a) ). The two ssDNA sequences are complementary to two adjacent zones of the loop portion of the MB. Because the melting temperature of these two short sequences is much lower than that of the MB, the loop-stem structure of the MB remains intact. When the DNA ligase is introduced, it catalyzes the junction of the nick structure by using the loop of the MB as the template to form a longer DNA sequence that is complementary to the entire loop sequence. This process leads to the separation of the stem and the restoration of fluorescence, and the DNA-ligation process could thus be monitored in real time [38, 56, 57] . A series of DNA ligations catalyzed by different DNA ligases, including T4 DNA ligase and the DNA ligase from E. coli, have been explored by using this principle. The DNA ligase from E. coli operated much more precisely than T4 DNA ligase, but a T-G mismatch at the 5′-end of the nick led to the highest error rate for the ligation with both ligases. The effects of metal ions, small biomolecules, and drugs on the activity of DNA ligases have also been examined. This assay might be useful for the identification and development of ligase-targeted drugs [56] . However, as we still do not know exactly how the ligation process occurs, the results of the studies with molecular beacons are interpreted with caution.
A similar strategy with MBs was used to study DNA phosphorylation [39] (Figure 5(b) ). The phosphorylation of the 5′-hydroxyl termini of nucleic acids is significant in nucleic acid metabolism and is indispensable to the repair of nucleic acids during strand interruption [77] . The polynucleotide kinase is found to be widespread in cells and considered to be a putative DNA repair enzyme that phosphorylates the 5′-hydroxyl of DNA and RNA [77, 78] . We have studied the process of phosphorylation using MB probes in real time and with high selectivity. The MB em- ployed in this method is devised to sense the product of a "phosphorylation-ligation" coupled enzyme reaction. In detail, the DNA fragment located at the 5′-side of the nick was modified to mimic dephosphorylation damage at the 5′-end of DNA, i.e., one hydroxy group at the 5′-end of the DNA is not phosphorylated, so the nick cannot be sealed by a DNA ligase. Phosphorylation of the damaged DNA under the catalysis of a polynucleotide kinase (PNK) is required before the two DNA fragments are ligated to form the longer oligonucleotide sequence complementary to the MB loop. Compared with the conventional assays, this novel method is convenient, rapid, selective, highly sensitive and capable of real-time monitoring in a homogenous solution. Based on this principle, a rapid and accurate technique for assaying the kinase activity of T4 PNK has been developed with a wide linear detection range from 0.002 to 4.0 U/mL in 3 min. These novel approaches enable us to investigate the interactions between proteins and nucleic acids in a homogenous solution, such as those found in DNA repair or in drug development. (2) Real-time monitoring of DNA polymerization and dephosphorylation DNA polymerase is one of the responsible enzymes for replication and repair of DNA along the sequence of a template strand. DNA polymerases are the workhorses in numerous significant biological core technologies, such as PCR, cDNA cloning and genome sequencing. Because of the biological significance of DNA polymerases and their wide use, a novel method for real-time monitoring of the activity of DNA polymerase based on primer extension reaction using MB has been developed [40] . As illustrated in Figure 6 (a), the primer is hybridized to half of the loop of the MB to form a primer-MB duplex. When DNA polymerase is introduced, it binds to the 3′-terminus of the primer-MB duplex and catalyze the extension of the primer to form a longer DNA strand that is complementary to the MB, resulting in the complete opening of MB and leading to a full fluorescence restoration. Under optimized conditions, Klenow analysis could be realized within 5 min with a detection limit down to 0.003 U/mL. There are no other methods having comparable sensitivity and speed. This assay appears to have general utility because it is also suitable for assessing the activity of other polymerases such as Klenow fragment (which has exonuclease/proofreading activity) and T4 DNA polymerase. The novel approach is potentially a useful tool in investigating the interactions between proteins and nucleic acids in homogeneous solution such as DNA replication, DNA repair, and drug research and development.
The similar principle has also been employed for real-time monitoring of Rsa I endonuclease activity [41] . Restriction endonucleases are one of the most significant enzymes in molecular biology. These enzymes are essential in recombinant technology, genotyping, mapping, and sequencing of large strands of DNA [79] . As illustrated in Figure 6 (b), on hybridization of oligo A with oligo B, the Rsa I endonuclease recognition site is formed. After cleavage, the resulting oligo C, which is complementary with the 3′ half part of MB's loop, is expected to readily dissociate from the duplex. The oligo C could be hybridized to the MB and polymerized by DNA polymerase, resulting in the complete opening of MB and leading to a full fluorescence restoration. Thus, the activity of Rsa I endonuclease could be monitored in real time using this principle.
DNA dephosphorylation, which is involved in DNA replication, recombination, and repair of DNA damage induced by a variety of genotoxic agents, has been detected as well [42] . A novel method, which is simple, rapid, cost effective, and requires one oligonucleotide, has been developed for real-time monitoring of the dephosphorylation process by using MB DNA probes. Oligonucleotide A (Oligo A) is dephosphorylated and hybridized with the MB to form an oligonucleotide-MB duplex. In the presence of DNA polymerase, dephosphorylated Oligo A could be elongated by polymerization, which opens the MB and restores its fluorescence. In these procedures, the DNA polymerase plays a role as a converter that transforms the information of "oligonucleotide has been dephosphorylated" into restoration of fluorescence in the MB. Thus, dephosphorylation of an oligonucleotide could be monitored in real time by using this "dephosphorylation and polymerization" enzyme-coupled reaction. (3) Real-time monitoring of DNA methylation DNA methylation, a common gene protection approach, is significant in both prokaryotes and eukaryotes. This process is carried out by DNA methyltransferases (MTases), which specifically recognize the short palindromic sequences and catalyze the transfer of a methyl group from S-adenosyl-Lmethiolnine (SAM) to the target adenine or cytosine. We have constructed a new strategy to study methylase activity using fluorescent probes coupled with enzyme-linkage reactions [43] . A hairpin DNA probe is prepared with a fluorophore and a quencher linked at the 5′-and 3′-terminus of the probe. A disturbance of the stem sequence by DNA methylation would cause the separation of the fluorophore and the quencher, resulting in the restoration of the fluorescence. In our study, DNA adenine methylation (Dam) methyltransferase (MTase) and Dpn I endonuclease, both having a 5′-G-A-T-C-3′ recognition sequence, were used. Dam MTase catalyzed the methylation of the sequence of 5′-GATC-3′, and Dpn I cut the sequence of 5′-G-Am-T-C-3′, as shown in Figure 7 . The fluorescence of the hairpin probe was restored when it was cleaved by Dpn I endonuclease during the course of methylation. Unlike conventional methods, this assay was done in real time and could be used to monitor the dynamic process of methylation. The method, which is simple and nonradioactive, yet as efficient as gel electrophoresis in detecting the activity of methylase, has the potential to screen suitable inhibitor drugs for Dam methylase.
In addition to MBs, other types of molecular probes have been applied for real-time monitoring of protein/DNA interaction. As a highly conserved damage repair protein, uracil-DNA glycosylase (UDG) mainly catalyzes the excision of uracil from DNA to sustain the genome integrity. A novel method for monitoring the uracil removal in real time is introduced [44] . Double-stranded DNA probes modified with uracil residues that could induce FRET were used as substrates and detecting probes in a homogeneous solution. This method overcame the drawbacks of conventional radioactive assays, such as discontinuity and being timeconsuming and complex, and was used to accurately determine the kinetic constant of UDG as well. The detection limit of UDG was 0.033 U/mL. The K M and K cat were 0.11 M and 4 s 1 , respectively. The method was applied to investigate the influence of chemical drugs on UDG activity. The results showed that 10 mM fluorouracil (5-FU) and gentamicin are inhibitors to UDG. The in vitro detection of UDG in A549 cells showed that the activity of UDG was four times greater after the cells were treated with cisplatin. These results showed that this method could monitor uracil removal in real time and conveniently assay UDG activity with ultrasensitivity and excellent specificity in the homogeneous solution.
Protein analysis based on biofunctionalized nanoparticles
With the development of nanotechnology, new opportunities have appeared for resolving the key problems in obtaining biological and chemical information at levels of single cells, subcells, and even single molecules, e.g., nerve glia, and single base pairs of nucleotide acid [80, 81] . Particles with at least one dimension (d)≤100 nm could universally be considered as nanoparticles (NPs). The fact that NPs are similar to many common biomolecules with respect to size magnitude permits them to have widespread use in biotechnological systems. Numerous studies have been published concerning the use of nanomaterials for biotechnological research and more are in progress, including the use of nanotechnology for gene delivery [82] [83] [84] [85] [86] , drug delivery [87, 88] , and immunoassays [89] [90] [91] . We have developed uniform biofunctionalized core/shell NPs, composed of a functionalized fluorescent or magnetic core, a modifiable coating shell, and the biomolecules modified on the surface of the nanoparticles, as shown in Figure 8 . The three parts all prominently contribute to their application of biomedicine, such as cell staining [92] [93] [94] [95] [96] [97] [98] [99] [100] [101] [102] , bacteria detection [103, 104] , nanosensing [105, 106] , biomolecule detection and separation [107] [108] [109] [110] [111] , gene and drug delivery [112] [113] [114] [115] [116] , and biotechnological application in DNA protection [117] .
Here, a few applications for protein detection and separation using biofunctionalized nanoparticles are discussed.
Protein detection using biofunctionalized dyedoped silica NPs
Dye-doped silica NPs are used in many areas of protein analysis. With numerous dye molecules trapped inside a single nanoparticle, dye-doped silica NPs exhibit extraordi- nary signaling strength and significantly improved the analytical sensitivity [118, 119] . As the dye is doped inside the silica matrix, which provides an effective barrier keeping the dyes from the surrounding environment, both photobleaching and photodegradation phenomena that often affect conventional dyes could be minimized [92, 97, 99, 100] . The excellent photostability makes these NPs suitable for applications where high intensity or prolonged excitations are required. The flexible silica chemistry provides versatile routes for surface modification, and different types of functional groups could be readily introduced onto the NPs for conjugation with biomolecules. All the aforementioned properties make dye-doped silica NPs excellent labeling reagents for protein analysis.
Synthesis, surface modification and bioconjugation of dye-doped silica NPs
There are two reported synthetic routes for the dye-doped silica nanoparticles, water-in-oil (W/O) microemulsion method [120] [121] [122] [123] [124] [125] [126] and the Stöber method [127, 128] . The W/O microemulsion is a thermodynamically stable system which is composed of water, surfactant and oil. The stabilized water nanodroplets formed in the oil solution act as small microreactors, where silane hydrolysis and the formation of NPs with dye trapped inside occur [122] . By studying the mechanism of stable core/shell silica NP preparation, we found that electrostatic interaction of the core materials with shell materials would determine whether the stable core/shell silica NPs formed or not [121] . Such conventional significant factors as molecular weight of core materials or the thickness of the shell have no apparent relationship with it. Based on this principle, Tris(2,2′-bipyridyl) dichlororuthenium (II) (RuBpy) was trapped into the silica matrix to form the stable fluorescent RuBpy-doped silica NPs. As for other dyes, which cannot be stably doped in the silica shell by the conventional method, a modified protocol has been employed to significantly improve this situation by forming fluorescent dye complexes [124] . It has been found that the FITC-IgG complexes could be encapsulated into silica NPs with much higher entrapment efficiency, compared to that of free FITC. Using this improved method, such fluorescent dyes as tetramethylrhodamine (TMR), Cy3, Cy5 and Alexa Fluor 647 have been doped into the silica NPs without leakage. In addition to single-dye doping, multiple-dye incorporation into the silica matrix has been reported [125, 126] . This provides more information upon detection. Figure 9 shows the photos and transmission electron microscope (TEM) image of several dye-doped silica NPs that we have prepared.
For the further application in bioanalysis, dye-doped silica NPs have been modified by a variety of trialkoxysilane molecules with carboxylic, vinyl, thiol, amino, or methacryloxy functionalities. Various functional groups could be readily introduced onto the particle surface by adding alkoxysilane reagents into the microemulsion along with tetraethyl orthosilicate (TEOS) to produce functionalized silica shell coated NPs [129, 130] . Once the silica surface has been modified, such biomolecules as proteins, enzymes, antibodies and oligonucleotides, could be directly linked to the NPs following standard conjugation protocols, which was discussed in detail in our previous reviews [17] [18] [19] . These finally obtained biofunctionalized NPs could be further applied in bioanalytical and biomedical research.
Bioeffect studies of silica NPs
With the development of silica NPs' application, the safety and overall bioeffects of silica NPs have emerged as a question that necessarily affects their use in most types of biomedical applications where compatibility with the biological milieu is required. For this reason, several groups, including ours, have explored the interaction and toxicity of silica NPs with biomolecules [117, 131] , cells [132] [133] [134] and life organisms [135] . For instance, studies have demonstrated that the positively charged amino-modified silica NPs could enrich plasmid DNA and protect it from enzymatic cleavage [117] , and as illustrated in Figure 10 , the DNA strands have the same properties as free DNA strands when released from the nanoparticles, which are biologically active. Bioeffects of silica NPs as the carrier for enzyme immobilization have been investigated and compared with silica microparticles [131] . By selecting bovine liver catalases and horseradish peroxidases as the multimeric enzyme model and monomer enzyme model, respectively, four kinds of immobilized enzymes were obtained through the covalently binding method. After a series of characterization of the above four immobilized enzymes, silica NPs were demonstrated to exhibit non-selective excellent biocompatibility to both enzyme models.
Because of the wide applications of silica NPs in cellular research, their biocompatibility with target cells is inevitably a significant issue to evaluate whether silica NPs could be used safely in biomedical field right along. Studies have been conducted to investigate the toxicity of silica NPs to various cell lines, including normal tissue cells and tumor cells. The results indicated that the bioeffects of silica NPs on cells were concentration-dependent and silica NPs were nontoxic at low dosages [132] [133] [134] . Different surface modification could induce the diverse interactions of silica NPs with cells [134] . For example, the bioeffects of silica NPs, phosphorylate-terminated NPs (PO 4 -NPs) and amino-terminated NPs (NH 2 -NPs) on HaCaT cell line (skin epidermal cell line) were studied. The results indicated that while the cytotoxicities of the three kinds of functionalized NPs on HaCaT cells would increase with NPs' concentration increasing, the following order was observed: NH 2 -NPs > silica NPs > PO 4 -NPs. The quantity and rapidity of cellular uptake of NPs by HaCaT cells were diverse due to the different functional groups. Under the same conditions, NH 2 -NPs was the most and most rapidly internalized by HaCaT cells, followed by silica NPs, and PO 4 -NP was the least and slowest. These results provided theoretical foundation for the safe application and further modification of silica NPs, which may broaden the application of silica NPs in biomedicine.
Similarly, in view of potential in vivo applications, elucidating the in vivo pharmacokinetics of administered silica NPs, as an indication of the in vivo behavior, is considered significant in the context of the underlying medical debate regarding the safety of novel nanomaterials. In order to obtain the real-time information of silica NPs, we used an in vivo optical imaging system to study the bioeffects of intravenous injected silica NPs by using RuBpy dye doped in the silica matrix as an adoptable method to track silica NPs [135] . As shown in Figure 11 , the in vivo biodistribution and urinary excretion of three types of surface-modified silica NPs (OH-NPs, COOH-NPs, and PEG-NPs) in animals have been investigated. The results show that the intravenous injected OH-NPs, COOH-NPs, and PEG-NPs, with a size of ~45 nm, could all be cleared from the circulation and presented inside organs. The PEG-NPs exhibit relatively long blood circulation time and low uptake by the liver than OHNPs and COOH-NPs. The in vivo imaging reveals that all the intravenous injected types of silica NPs are partly excreted through the renal route. The in vivo imaging results were confirmed by ex vivo organ optical imaging, TEM imaging, and energy-dispersed X-ray spectrum analysis of urine samples. This work puts forward direct implications for the use of silica NPs as delivery systems and imaging tools in live animals.
Cell surface protein detection using dye-doped silica NPs
Dye-doped silica NPs possess four significant properties that make them highly useful in protein detection: extremely high optical intensity, high photostability, good biocompatibility and easy bioconjugation. Different types of bio- functionalization have been explored for using dye-doped silica NPs to target cell surface proteins.
Proteins on the cell surface are usually related with the development of a number of diseases and life processes, in which cell surface proteins act as either the biomarkers for diseases or the indicator of cell physiological changes. As illustrated in Figure 12 , by employing the affinity and specificity associated with the antigen-antibody recognition process, dye-doped silica NPs-based immunoassay techniques have been widely developed for targeting cell surface proteins and diagnosing such diseases as tumors. As the excellent signal element, NPs were covalently conjugated with antibodies to recognize SmIgG + B lymphocyte for the immune-diagnosis of Systematical Erythema Lupus [94] , HepG liver cancer cells [95] , MDA-MB-231 breast cancer cells [98] and MCF-7 cancer cells [97] selectively and efficiently. A representative example is that, lactobionic acid (LA, a ligand of asialoglycoprotein receptor on a hepatocyte membrane) has been attached to dye-doped silica NPs through EDAC linkage, enabling the specific identification of target cells from the background cells by a laser confocal scanning microscope [96] (Figure 13 ). The precise identification of a few liver cancer cells in the blood has been demonstrated, which confirms the excellent capability of galactose-conjugated fluorescent nanoparticles (GCFNPs) in identifying specific cells in a large host cell background.
In order to further improve the reliability of target cell detection, a dye-doped silica NPs mediated improved double immunofluorescence labeling method has been applied to analyze two proteins in gastric cancer cells simultaneously [99] . The MGC-803 gastric cancer cells were incubated with the mixture of anti-CEA antibody-conjugated FITC-doped FSiNPs and anti-CK19 antibody-conjugated RuBpy-doped FSiNPs, and then imaged using laser scanning confocal microscopy (CLSM). As shown in Figure 14 , Similar to cell recognition principles, some life processes could be monitored by targeting cell surface proteins based on dye-doped silica NPs [100] . Apoptosis, or programmed cell death, is a universal and significant process in the development of multicellular organisms, regulation of the immune system, and clearance of abnormal cells [136] . As a complex biological phenomenon, apoptosis involves many subprocesses and changes that could be divided into three phases: initiation, decision, and execution. The externalization of phosphatidylserine (PS) from the inner to the outer membrane is an early and major event in the apoptotic process, which has been used to detect and stain early-stage apoptosis by binding PS sitting on the outer membrane of apoptotic cells [137] [138] . In our study, a novel bioprobe based on Rhodamine B isothiocyanate-doped silica NPs (RBITC-DSNPs) has been developed through modifying Annexin V with NPs for early-stage apoptosis detection and imaging. It was demonstrated that the bioprobe could specifically recognize early-stage apoptotic cells, and the RBITC-DSNPs labeling method was applied to monitor the physiological change of apoptotic cells along with the extended induction time. As illustrated in Figure 15 , with the extension of culture time with paclitaxel, the number of the apoptotic cells stained by Annexin V-functionalized RBITCDSNPs increased ever more. At higher magnification, it was observed that the red fluorescence on the outer membrane of the recognized apoptotic cells changed as the treatment time was prolonged, from weak to strong, from partially to completely surrounding the cell membrane. It is indicated that dye-doped silica NPs are potential biomarkers that would play significant roles in bioanalysis and bioimaging, especially in monitoring the changes of biochemical information over a long time.
In addition to targeting cell surface proteins, the antigen-antibody recognition process could be introduced into pathogenic bacteria assays. Detection of pathogenic bacteria is vital in food and environment safety, clinical diagnosis and anti-bioterrorism. Conventional methods for the detection of pathogenic bacteria either lack sensitivity or take a long time for analysis. By utilizing the advantages of nanomaterials, a method of dye doped NPs-based indirect immunofluorescence microscopy (FNP-IIFM) was developed for the rapid detection of Mycobacterium tuberculosis [103] . An anti-Mycobacterium tuberculosis antibody was used as a primary antibody to recognize Mycobacterium tuberculosis, and then an antibody binding protein (Protein A) labeled with RuBpy-doped silica NPs was used to generate fluorescent signals for microscopic examination (Figure 16 ). With this method, Mycobacterium tuberculosis in bacterial mixture as well as in spiked sputum was detected. The use of the fluorescent nanoparticles reveals amplified signal intensity and higher photostability than the direct use of conventional fluorescent dye as the label. In order to further decrease false positives caused by aggregates of nanoparticle-bioconjugates and nonspecific binding of nanoparticle-bioconjugates to background debris, another method using an improved two-color flow cytometric analysis by a Figure 16 Schematic representation of the principle of M. tuberculosis detection with the dye-doped fluorescent silica nanoparticle-based indirect immunofluorescence assay [103] . combination of biofunctionalized dye-doped silica NPs and SYBR Green I (FSiNP@SG-FCM) has been developed for detection of pathogenic Mycobacterium tuberculosis [104] . This assay allowed for detection of as low as 3.5 × 10 3 and 3.0 × 10 4 cells mL 1 M. tuberculosis in buffer and spiked urine respectively, with higher sensitivities than the FITC-based conventional flow cytometry. The total assay time including sample pretreatment was within 2 h. This proposed FSiNP@SG-FCM method has potentials for rapid detection of M. tuberculosis or other pathogenic bacteria in clinical samples.
Protein separation using biofunctionalized magnetic silica NPs
The efficient separation and purification of proteins is a significant prerequisite for the ultrasensitive protein analysis. There are various procedures to isolate proteins and peptides, such as chromatography, electrophoresis, ultrafiltration, and precipitation. These classical protein separation systems are usually very complex, and involve different techniques with many time-consuming steps, which have in most cases led to a very low overall process yield and thus a high product cost. Magnetic separation is a powerful separation method for biomolecules [107] [108] [109] [110] [111] . In our research, silica coated magnetic nanoparticles, employing Fe 3 O 4 as the core and silica as the shell, have been prepared using a water-in-oil microemulsion technique. The procedure was first completed using synthesis of aqueous magnetic ferrofluid with the precipitation of the chloride mixture with the base. Then the silica coating was completed through a water-in-oil microemulsion technique. The obtained magnetic nanoparticles are also superparamagnetic. For selective separation of proteins, two kinds of unique pH-dependent magnetic nanoadsorbents based on silica coated magnetic nanoparticles (SMNPs) and amino-silica coated magnetic nanoparticles (ASMNPs) have been exploited [110] . With different isoelectric points, SMNAs and ASMNAs could respectively adsorb proteins with different charges, and the interactions between proteins and magnetic nanoadsorbents changed with the solution pH. Thus, the adsorption or desorption between proteins and magnetic nanoadsorbents could be controlled by changing the solution pH according to the charge of the proteins. The magnetic nanoadsorbents could be separated and recycled simply with a magnet. As model adsorbates, Cyt-c and BSA are selectively separated from simple protein mixtures with SMNAs and ASMNAs, respectively. Cyt-c was adsorbed on SMNAs at pH 8.0 at 0.160 mg mg 1 . BSA was adsorbed on
ASMNAs at pH 5.0 at 0.142 mg mg 1 .
Biofunctionalized silica coated magnetic nanoparticles were developed as affinity protein adsorbents, which were activated with CNBr and modified by trypsin inhibitor. Due to the recognition between trypsin and its inhibitor, trypsin in simple model protein mixture or pig pancreas was objectively separated with the biofunctionalized silica coated magnetic nanoparticles. This study provided a new affinity adsorbent for protein separation with silica coated magnetic nanoparticles, which has magnetic cores and biomodified surfaces.
Perspectives
With the completion of human genome-sequencing project, key issues in this post-genome era focus on research across many disciplinary interfaces and the development and use of new quantitative tools for proteomics. The MB probe technology and bionanotechnology have been extensively explored for bioanalysis and biomedical applications, and demonstrated to be promising tools for protein analysis. The following areas are of interest for protein analysis based on molecular beacon probes and bionanoparticles.
First, since the introduction of MBs in 1996, the advantages of MBs have led to the development of a broad spectrum of applications in biology, chemistry, biomedicine, and biotechnology. Efforts to improve MBs would continue to focus on the optimization of signaling transduction and the use of modified bases to endue MBs additional useful properties for applications in intracellular gene/protein interaction monitoring, such as the resistance to nuclease digestion, a higher hybridization affinity, and minimized nonspecific protein binding. MB aptamers, which are protein probes that combine the advantages of the signal transduction mechanism of MBs and the specificity of molecular recognition by aptamers, are expected to be further explored and widely applied for the highly sensitive and selective detection of proteins in solution, live cells, tissues and even in vivo.
Second, with respect to biofunctionalized nanoparticles, although the inherent features, including flexible conjugation, excellent photostability, superparamagnetism and ultrasensitivity, have made them a useful tool in protein detection and separation, more studies are required to develop strategies for manipulating the properties of the NP matrix and surface to prevent aggregation and inhibit nonspecific binding. Aggregation and nonspecific binding are the major issues blocking or slowing the realization of the power and ultrasensitivity of NPs in bioanalysis, which demands new strategies to reduce NP background signals for detection of ultratrace amounts of analytes. The technological advances in cell surface protein labeling and aqueous protein separation allow the intracellular proteins and the related organelles to be analyzed in real time and in situ with higher sensitivity and selectivity.
Third, MBs could be linked to nanoparticles to generate molecular sensors for studying molecular interactions, which has expanded the application scope of protein analysis techniques. With the combination of NPs and MBs, exciting results may be obtained by utilizing the signal transduction mechanism of MBs and the particular properties of NPs, such as the DNA protection from cleavage, the fluorescence quenching effect and the unique color alteration phenomenon.
